Abstract. In order to determine the differential effects of flavonoids on cerebral ischemia, we investigated the effects of (−)-epigallocatechin gallate (EGCG), catechin, rutin, and quercetin on spatial memory impairment and neuronal death induced by repeated cerebral ischemia in rats. Both rutin and quercetin (50 mg / kg × 2) improved spatial memory impairment in the 8-arm radial maze task and neuronal death in the hippocampal CA1 area; however, catechin (200 mg / kg × 2) and EGCG (50 mg / kg × 1) did not. Administration of EGCG (50 mg / kg × 2) resulted in a high mortality rate. These results suggest that in this repeated cerebral ischemia model, the 4-oxo group and the 2,3-double bond in the C ring of rutin and quercetin are related to their neuroprotective action.
Introduction
The flavonoids are a large group of naturally occurring compounds that are found in plants and are frequently consumed as part of the human diet. Flavonoids are receiving much attention for their potential pharmacological properties. In particular, (−)-epigallocatechin gallate (EGCG), catechin, quercetin, and rutin are the most widely studied. It has also been reported that catechin, EGCG, quercetin, and rutin possess anti-tumoral (1), anti-allergic (2), vasorelaxation (3), anti-ischemic (4) , and anti-inflammatory activity (5) . The mechanism underlying these effects is thought to come from their antioxidant activity. The antioxidant activity of flavonoids has been demonstrated by their abilities to inhibit enzymes such as lipoxygenase (6) and cyclooxygenase (7) , chelate metal ions (8) , and scavenge free radicals (9) . The elucidated structure-activity relationships indicate that the catechol moiety of the B ring, 2,3-double bond conjugating with the 4-oxo group in the C ring in the flavonols, hydroxyl groups at the 3 and 5 positions of A and C ring, and gallate group in EGCG are important for the flavonoid activities. In spite of this, there has been no report comparing the neuroprotective effects of quercetin, rutin, catechin, and EGCG against cerebral ischemia. In the present experiment, we use a repeated cerebral ischemia model to investigate the different effects of these four flavonoids.
The repeated cerebral ischemia model was developed on the basis of the model generated by Pulsinelli and Brierley (10) . We found a correlation between spatial memory impairment and hippocampal CA1 neuronal death in this model, which is induced by two 10-min periods of cerebral ischemia with an interval of 1 h (11, 12) . We named this model the repeated cerebral ischemia model. In this model, changes in the mRNA level of the AMPA receptor subunit GluR2 and bcl family expression in the hippocampus following reperfusion are thought to be related to the appearance of TUNEL-positive cells in the CA1 region (13, 14) . We have studied the effects of buckwheat polyphenol, which includes rutin, quercetin, catechin, and oligonols of catechin, in this repeated cerebral ischemia model (15) . In this experiment, we used this model to study the differential effects of rutin, quercetin, catechin, and EGCG on spatial memory impairment and neuronal death in the hippocampal CA1 region.
Materials and Methods

Chemicals
(−)-Epigallocatechin gallate (EGCG, Lot 30K1315) and (+)-catechin (Lot 120K1194) were obtained from Sigma Chemical Co. (St Louis, MO, USA). Rutin (189-00342) and quercetin dihydrate (173-00403) were purchased from Wako Chemicals, Osaka.
Animal treatments
Male Wistar rats weighing 250 -300 g were obtained from Kyudo Co., Ltd. (Saga). They were housed in groups of 4 -5 per cage in a temperature-controlled room (23 ± 2°C) with a relative humidity of 60 ± 10%, and were maintained under a 12-h light-dark cycle. All procedures regarding animal care and use were carried out based on the regulations dictated by the Experimental Animal Care and Use Committee of Fukuoka University. Rutin, (+)-catechin, and quercetin dihydrate were dissolved in saline and administered (i.p.) twice, 30 min before the first and the second occlusions. EGCG was dissolved in saline and administered i.p. 30 min before the first occlusion. Saline was administrated to the control group.
8-Arm radial maze task
Behavioral testing using the 8-arm radial maze task (Neuroscience Co., Tokyo) was conducted as previously reported (15) . The maze consisted of a central platform, 24 cm in diameter, with 8 arms extending radially. Rats were allowed to visit each arm to eat all 8 pellets in the food cups, which were located near the end of each arm. Each test animal was trained once per day to memorize the apparatus. The performance of the test animals in each trial was assessed using three parameters: the number of correct choices in the initial 8 chosen arms, the number of errors (which was defined as choosing arms that had already been visited), and the time that had elapsed before the animal ate all 8 pellets. When the test animals made 7 or 8 correct choices and less than one error in three successive sessions, they were deemed to have memorized the maze and underwent ischemic surgery.
Cerebral ischemic treatment
Cerebral ischemia was carried out in animals that had acquired spatial memory according to our previous report (15) . Briefly, rats were anesthetized with sodium pentobarbital (50 mg / kg, i.p.) and immobilized in a stereotaxic apparatus (Type SR-6; Narishige Scientific Instrument Lab., Tokyo). The bilateral arteries beneath the alar foramina of the first vertebra were electrocoagulated using a bipolar coagulator (MICRO-3D; Mizuho Industrial Co., Tokyo); then both common carotid arteries were exposed bilaterally using a hydraulic pressure vascular occluder (OC: 1.5-mm diameter; Technical Supply Co., Osaka) applied to each artery. The following day, the common carotid arteries were compressed using the occluders operated by means of a water-filled syringe, and then cerebral circulation was interrupted for 10 min; this was carried out twice in 1 h. Rats that did not demonstrate loss of their righting reflex during arterial occlusion were excluded from subsequent experiments. Sham-operated control rats underwent cauterization of the vertebral arteries and were fitted with occluders.
Histologic examination
Rats were sacrificed after the behavioral test by deep anesthetization with pentobarbital (50 mg / kg, i.p.) and transcardial perfusion with cold heparinized saline, followed by 4% paraformaldehyde. Brains were removed from the skull and postfixed overnight in paraformaldehyde. They were then dehydrated and embedded in paraffin. Representative coronal sections (5-µm-thick), including the dorsal hippocampus, were obtained using a rotary microtome and stained with hematoxylin and eosin (HE). Microscopic observation of the neuronal density of the CA1 was examined to detect neuronal damage in the hippocampus.
Statistical analysis
Results are expressed as means ± S.E.M. Data from the behavioral tests and counts of CA1 pyramidal neurons were analyzed using the Mann-Whitney U test with a significance level of P<0.05.
Results
Treatment with EGCG (50 mg / kg × 2) resulted in high mortality (70%), but treatment with catechin (200 mg / kg × 2), rutin, and quercetin (50 mg / kg × 2) did not. Repeated ischemia (vehicle-treated group) significantly decreased the number of correct choices and increased the number of errors (correct choices and errors, P<0.001). Rutin (50 mg / kg × 2) significantly ameliorated spatial memory impairment induced by repeated ischemia, as seen in the 8-arm radial maze test (correct choices and errors, P<0.05). Quercetin (50 mg / kg × 2) significantly decreased the number of error choices, but did not increase the number of correct choices induced by repeated cerebral ischemia. As shown in Fig. 1 , EGCG (50 mg / kg × 1) and catechin (200 mg / kg × 2) did not improve the spatial memory impairment induced by repeated cerebral ischemia. Catechin (30, 100 mg / kg) was also administered p.o. for 13 continuous days; on the 14th day, catechin was administered 30 min before cerebral ischemia. Continuous treatment with catechin didn't improve the spatial memory impairment induced by repeated cerebral ischemia (correct choices: 30 mg / kg, 6.2 ± 0.3, 100 mg / kg, 6.0 ± 0.5; errors: 30 mg / kg, 7.9 ± 1.2, 100 mg / kg, 7.4 ± 1.4).
In the vehicle-treated repeated ischemia group compared with the sham group, HE staining revealed pyknosis, eosinophilia, karyorrhexis, and chromosome condensation in CA1 pyramidal neurons. Repeated ischemia induced cell death in the hippocampal CA1 pyramidal neurons (P<0.001, Fig. 2: A -D) . Both quercetin (50 mg / kg × 2) and rutin (50 mg / kg × 2) significantly suppressed the amount of neuronal death (P<0.05, Fig. 2 : I -L), but EGCG and catechin failed Fig. 1 . Effects of catechin, EGCG, rutin, and quercetin on repeated cerebral ischemia-induced impairment of spatial memory in the 8-arm radial maze test in rats. Rats were administered catechin (200 mg /kg), rutin, and quercetin (50 mg /kg), i.p., twice, 30 min before the first and second cerebral ischemia occlusions. Rats were treated with EGCG (i.p.) once, 30 min before the first occlusion. Columns represent the mean number of correct choices or errors (n = 5 -9). ***P<0.001 vs the sham group; # P<0.05 vs the vehicle group (Mann-Whitney U test).
to prevent cell death in this area (Fig. 2: E -H 
Discussion
In the present experiment, we investigated the effects of four flavonoids in the repeated cerebral ischemia model. Both quercetin and rutin improved the spatial memory impairment and neuronal death induced by repeated cerebral ischemia. Neither EGCG nor catechin possessed this action. Moreover, EGCG (50 mg / kg × 2) caused a high mortality rate in rats receiving repeated cerebral ischemia. Quercetin is a flavonol. Rutin, the 3-rutinose glycoside of quercetin, is also a flavonol generated by glycosylation of quercetin. Catechin and EGCG are flavanols. Our results show the differential effects of flavonols and flavanols in the repeated cerebral ischemia model.
The doses of catechin (200 mg / kg) and EGCG (50 mg / kg) used in these experiments have been reported to prevent cerebral ischemic damage (4, 16) . We have previously reported that 14-day pre-ischemic treatment with buckwheat polyphenol, but not 7-day post-ischemic treatment, attenuates spatial memory impairment and neuronal death induced by repeated cerebral ischemia (15) . Therefore, we used the pretreatment schedule. We found that single or double administration of EGCG (50 mg/ kg) did not attenuate the spatial memory impairment and neuronal death induced by repeated ischemia. Moreover, double administration of 50 mg / kg ECGC (i.p.) resulted in a high mortality rate on the 3rd to 4th days after reperfusion. EGCG treatment was reported to increase (>50%) the number of animals that developed an intracerebral hemorrhage in the middle cerebral artery occlusion model of stroke, except in those receiving neuroprotective treatments (17) . EGCG was also reported to induce DNA damage as an oxidizing agent (18), while 50 mg / kg × 7 resulted in hepatic necrosis and a 67% mortality rate (19) . These results show that high doses of EGCG induced strong toxicity in the repeated cerebral ischemia model.
Oral administration of (−)-catechin solution, instead of drinking water, ad libitum for 2 weeks dose-dependently protected against neuronal death induced by transient ischemia followed by reperfusion (20) . We also determined the protective effect of 14-day buckwheat polyphenol administration (15) . Therefore we administered catechin for 14 days before ischemia. As shown above, catechin (30 or 100 mg / kg × 14 days) did not attenuate the spatial memory impairment and neuronal death induced by repeated cerebral ischemia in rats, although we showed that (+)-catechin significantly inhibited the cell damage induced by glutamate or kainate in primary culture hippocampal cells (data not shown). However, in the repeated cerebral ischemia model, quercetin and rutin significantly prevented spatial memory impairment and neuronal death. These results also showed the differences between in vivo and in vitro experiments.
The main difference in the structures of flavonols and flavanols is the C ring. Catechin, quercetin, and rutin have the same numbers of hydroxyl groups on the A and B rings. In the chemical structures of quercetin or rutin, there is a 2,3-double bond and 4-oxo group in the C-ring. The 2,3-double bond confers a more rigid C ring, keeping it in a more coplanar position relative to the A ring. Moreover, the 2,3-double bond and 4-oxo group are reported to be very important in producing vascular relaxation in porcine coronary artery (21) . The 2,3-double bond and 4-oxo group in flavonols are thought to relate to the differences between flavonols and flavanols in the repeated cerebral ischemia model. Many papers have reported an antioxidant action of flavonoids and their structure-activity relationships in vitro (22) . Flavonoids have more complex mechanisms of action in vivo. A single mechanism could not explain all of their in vivo activities. We think antioxidation is one mechanism of action of the flavonoids, but not the only one. The flavonoid fisetin was reported to promote ERK-dependent long-term potentiation (23) . Quercetin is also reported to possess a stimulatory effect on alkaline phosphatase activity in MG-63 human osteoblasts through ERK and the estrogen receptor pathway (24) . Quercetin possesses one more OH group at C-5 than fisetin. This evidence indicates that quercetin perhaps possesses the ability to enhance memory through modulation of signal cascades, in addition to its antioxidant properties.
Rutin is deglycosylated in the colon into quercetin, and quercetin is metabolized into a smaller molecule that is absorbed by ring fission and dehydroxylation (25) . In the present study, the effects of rutin on spatial memory impairment were slightly stronger than those of quercetin, but the neuroprotective ability of quercetin was slightly stronger than that of rutin. This might be related to the metabolism of flavonols, although this requires further clarification.
The present results show the differential effects of flavonols and flavanols in the repeated cerebral ischemia model. These differences are supposed to relate to the structure of the C ring. The 4-oxo group and 2,3-double bond in the C ring of rutin and quercetin are thought to play an important role in their neuroprotective effects in the repeated cerebral ischemia model.
